All relevant data are within the paper.

Introduction {#sec005}
============

Breast cancer is the second most common cause of cancer death and the most common cancer overall in women with over 250,000 estimated new cases in the United States in 2017 \[[@pone.0234791.ref001]\]. The widespread use of screening mammography has increased detection of small tumors, and as a consequence, breast-conserving surgery (BCS) is now used more commonly \[[@pone.0234791.ref002]\]. The aim of BCS is complete tumor resection to minimize local recurrence while retaining enough breast tissue for an acceptable cosmetic result. Radiation is required after BCS, and large, prospective, randomized clinical trials have shown this multimodality therapy results in equivalent survival compared to modified radical mastectomy \[[@pone.0234791.ref003]--[@pone.0234791.ref005]\]. Despite adjuvant radiation, ipsilateral breast cancer recurrence still takes place in 6--9% of patients following BCS for invasive breast cancer, while ipsilateral recurrence rates following BCS for ductal carcinoma in situ (DCIS) are even higher \[[@pone.0234791.ref006],[@pone.0234791.ref007]\].

Multifocal disease, invasive disease, carcinoma in situ, or a combination of these conditions complicates surgery and may result in incomplete tumor excision \[[@pone.0234791.ref008]\]. Positive margins on the BCS specimen are associated with local recurrence \[[@pone.0234791.ref009],[@pone.0234791.ref010]\], and these patients usually undergo a second surgery for re-excision. While re-excision rates vary widely by institution \[[@pone.0234791.ref008],[@pone.0234791.ref009]\], large series suggest re-excision rates are approximately 13--23% \[[@pone.0234791.ref008],[@pone.0234791.ref010]--[@pone.0234791.ref012]\]. Re-excision requires additional anesthesia, increases the risk of complications including surgical site infection, and incurs increased cost \[[@pone.0234791.ref013],[@pone.0234791.ref014]\]. In an effort to decrease local recurrences and re-excision rates, several approaches to improve intraoperative tumor margin assessment are currently used, including intraoperative ultrasound, intraoperative specimen mammography, radioactive seed localization, radiofrequency spectroscopy, and frozen section pathology with or without imprint cytology \[[@pone.0234791.ref015]--[@pone.0234791.ref020]\]. However, these techniques require operator expertise, can involve radiation exposure, are impractical, or are time consuming.

The risk of positive margins requiring re-excision in breast cancer clearly indicates the need for better intraoperative evaluation of surgical margins. Intraoperative NIR imaging with systemically injected NIR contrast agents is a novel method for tumor localization and margin detection that is being investigated in a variety of solid malignancies \[[@pone.0234791.ref021]\]. With an appropriate contrast agent, NIR imaging could potentially identify the tumor, tumor margins, and sentinel lymph nodes. Sentinel lymph nodes in human breast cancer are most commonly identified with the combination of a radioactive tracer and a blue dye \[[@pone.0234791.ref022]\], although some groups now use intraoperative near-infrared (NIR) imaging with indocyanine green (ICG) \[[@pone.0234791.ref023]\]. In all current sentinel lymph node identification techniques, lymph nodes are visualized after a peritumoral or subareolar injection of dye. It is not clear if systemically administered NIR contrast agents can identify sentinel lymph nodes in either canine mammary tumors or human breast cancer.

ICG is the only U.S. Food and Drug Administration (FDA)-approved contrast agent used for NIR imaging. We have previously shown in experimental small animal and translational, large animal solid tumor models that a high dose of intravenous ICG will accumulate preferentially in tumors over 24 hours by the enhanced permeability and retention (EPR) effect \[[@pone.0234791.ref024]--[@pone.0234791.ref026]\]. After dye accumulation, NIR imaging can be used to identify the tumor, tumor margins, and locate residual disease in spontaneously occurring canine lung cancers and sarcomas \[[@pone.0234791.ref025],[@pone.0234791.ref026]\]. Canine mammary tumors are an excellent clinical and molecular model for human breast cancer \[[@pone.0234791.ref027]--[@pone.0234791.ref031]\]. There has been limited evaluation of NIR imaging in canine mammary tumors as models of human breast cancer \[[@pone.0234791.ref032]--[@pone.0234791.ref034]\]. In this study, we hypothesized that NIR imaging with systemic ICG could detect canine mammary tumors and metastatic lymph nodes in a spontaneously occurring, large animal model of human breast cancer.

Materials and methods {#sec006}
=====================

Canine subjects {#sec007}
---------------

Dogs were recruited through the clinic at the Matthew J. Ryan Small Animal Hospital at the University of Pennsylvania School of Veterinary Medicine and the School's Canine Shelter Mammary Tumor program. Eligible dogs had mammary tumors on physical examination, had no evidence of metastatic disease on thoracic radiographs, and had no substantial comorbidities that would impair their ability to tolerate anesthesia and surgery. The study was approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Written informed consent was obtained from all owners. All dogs were treated as clinical patients of the Matthew J. Ryan Small Animal Hospital with clinical standard of care housing, feeding and watering, pain management, and nursing.

Study drug {#sec008}
----------

Pharmaceutical grade indocyanine green (ICG) (3 mg/kg) (Akorn, Lake Forest, IL, product number NDC 17478-701-02) was administered intravenously over 3 minutes 20 hours prior to surgery. ICG is a NIR contrast agent with peak excitation and emission of 805 nm and 830 nm, respectively. This dose was chosen based on our previous experience with other spontaneous solid tumors in dogs \[[@pone.0234791.ref025],[@pone.0234791.ref026]\].

Imaging system {#sec009}
--------------

The surgical field was imaged with a prototype imaging system (Solaris, Perkin Elmer). Fluorescence excitation was generated by four banks of LED lights (two white lights and four excitation lights each, 2W, 750 nm peak wavelength; 730--750 nm bandpass excitation filter). Emitted light was collected through an optical system containing a 760-841nm bandpass filter. The system had a 10 cm field of view and a working distance of 75 cm. Emitted light was captured by two scientific complementary metal oxide semiconductor (sCMOS) cameras, one for fluorescent light and one for visible light. The system employed a pulsing scheme to prevent ambient light from biasing the fluorescent image. A foreground frame was captured with the excitation LED lights on and a subsequent background frame was acquired with the LED lights off. A 10 ms exposure time was used for both images. The background frame was then subtracted from the foreground frame and the image displayed on a computer screen.

Study design {#sec010}
------------

Under general anesthesia, a standard-of-care lumpectomy or mastectomy was performed at the discretion of the surgeon. As these were clinical cases, all tumors were excised with a wide margin (1--2 cm) of grossly normal surrounding tissue. Excisions were performed to the level of the fascial sheath of the rectus abdominus muscles.

During surgery, the tumor and wound edges were evaluated for fluorescence. Following excision, the wound bed and surrounding normal tissue was imaged once again with the fluorescence imaging system. Any fluorescence (assigned the color green by the imaging system) visible to the surgeon was considered a positive result. One surgeon performed all evaluations for fluorescence. Samples of areas of residual fluorescence were surgically excised and submitted for histopathological evaluation. Tumors and surrounding excised tissues were imaged *ex vivo*, and margins of the excised specimens were evaluated for fluorescence. Margins of the specimens were inked and submitted for histopathological evaluation. The presence or absence of fluorescence at the resection margins was compared to histopathologic margin status. Excised specimens involving the caudal mammary gland(s) were imaged to evaluate for inguinal lymph node fluorescence. Lymph nodes were then dissected from the excised specimens, imaged *ex vivo*, and submitted for histopathological evaluation.

The NIR fluorescence of tumors and normal tissue was quantified using the region of interest (ROI) plugin of ImageJ^®^ (National Institutes of Health; <http://rsb.info.nih.gov/ij/>) and compared as signal-to-background ratios (SBR). The range, mean, and standard deviation of fluorescence intensity within each specific region of interest were obtained using the ImageJ^®^ histogram function. The "signal" was quantified as the average fluorescence from the regions identified as tumor. The "background" was identified as the average fluorescence of adjacent normal mammary tissue. Fluorescence of identified lymph nodes was compared to the highest fluorescence value for surrounding normal tissue (adipose tissue) in that dog.

Statistical analysis {#sec011}
--------------------

All statistical analysis was performed using STATA 15 (StataCorp, College Station, TX). Descriptive statistics are presented as median and range. The sensitivity of ICG for detecting malignancy was defined as the number of fluorescent malignant tumors divided by the total number of malignant tumors. The specificity of ICG for detecting malignancy was defined as the number of non-fluorescent benign tumors divided by the total number of benign tumors. Pearson's chi square test was used to examine the association of tumor with malignancy and fluorescence. Firth penalized maximum likelihood logistic regression was also used to assess the above-mentioned association. Firth logistic was chosen due to a problem of "perfect prediction." Perfect prediction is encountered when the outcome variable perfectly differentiates a predictor variable or variables. Linear regression was used to quantify the association between tumor fluorescence and tumors grouped by size. Post-hoc pairwise comparison was used to identify differences between the groups at the level of P = 0.05.

Results {#sec012}
=======

Subject characteristics {#sec013}
-----------------------

Sixteen dogs were enrolled in this study. Ages ranged from 5--15 years (Median = 9 years); the age of one dog was unknown. One dog had a second surgery for mammary carcinoma recurrence and imaging was performed during both procedures. All dogs were female; 9/16 were intact, and the other 7 were spayed. Weights ranged from 2.1--39.5 kg (Median = 17.3 kg). [Table 1](#pone.0234791.t001){ref-type="table"} has full subject characteristics.

10.1371/journal.pone.0234791.t001

###### Characteristics of study subjects.

![](pone.0234791.t001){#pone.0234791.t001g}

  Case                                          Age       Breed              Weight (kg)   Intact   Mammary Glands Involved              Malignant Tumors: Number, Size (cm)   Benign Tumors: Number, Size (cm)
  --------------------------------------------- --------- ------------------ ------------- -------- ------------------------------------ ------------------------------------- ----------------------------------
  **1**                                         11        Mixed              4.2           Yes      L4, R4, R5                           0: n/a                                3: 0.5--2
  **2**                                         9         Golden Retriever   30.0          Yes      L2                                   0: n/a                                1: 2
  **3a**                                        10        Mixed              17.3          Yes      L5                                   1: 2                                  0: n/a
  **3b**[\*](#t001fn002){ref-type="table-fn"}                                                       L5, R5                               2: 3,4                                0: n/a
  **4**                                         7         German Shepherd    35.0          No       R2, R3, R4, R5, L3                   1: 5                                  4: 0.2--4
  **5**                                         Unknown   Mixed              3.5           No       R2, R3, R4, R5                       1: 1                                  3: 0.2--2
  **6**                                         7         Chihuahua          4.6           Yes      R4, L4                               0: n/a                                2: 2,2
  **7**                                         11        Chihuahua          2.1           No       L4, L5                               0: n/a                                2,:0.5, 1
  **8**                                         14        Lhasa Apso         10.8          No       L3, L4, L5                           2: 5, 5                               1: 0.5
  **9**                                         9         Cocker Spaniel     8.5           No       R4                                   1: 2                                  0: n/a
  **10**                                        13        Chihuahua          2.6           Yes      R1, R2, R3, R4, R5, L2, L3, L4, L5   6: 1--2                               3: 0.5, 0.5,0.5
  **11**                                        14        Border Collie      18.0          Yes      R5                                   1: 3                                  0: n/a
  **12**                                        9         Bulldog            25.0          No       L3                                   1: 3                                  0: n/a
  **13**                                        15        Mixed              17.8          No       L2, L4                               0: n/a                                2: 0.5, 2
  **14**                                        6         Boston Terrier     16.7          Yes      R3                                   1: 8                                  0: n/a
  **15**                                        8         German Shepherd    39.5          Yes      R5                                   1: 4                                  0: n/a
  **16**                                        12        Saluki             29.5          Yes      R3, R5                               2: 3, 8                               0: n/a

Abbreviations: L: left, R: right; n/a: Not applicable

\* A second surgery was performed on Case \#3 for mammary tumor recurrence

Intraoperative near-infrared imaging identifies mammary tumors in vivo {#sec014}
----------------------------------------------------------------------

The lowest SBR at which the surgeon could perceive visible fluorescence intraoperatively corresponded with an SBR = 1.2 and all tumors with a SBR ≥ 1.2 fluoresced. A total of 41 tumors were imaged; 28 were fluorescent (mean SBR = 1.5±0.2). Representative cases are shown in [Fig 1](#pone.0234791.g001){ref-type="fig"}. Fluorescence was not seen beyond the margins of any of the tumor specimens and there were no tumor-positive margins on histopathology.

![Representative intraoperative images of fluorescent malignant tumors.\
A) 5 cm papillary adenoma with low grade ductal adenocarcinoma. B) 7 cm intermediate grade carcinoma. C) 3 cm low grade carcinoma. In this case, one of the non-fluorescent margins is obscured by specimen positioning.](pone.0234791.g001){#pone.0234791.g001}

Tumor fluorescence and fluorescence sensitivity, specificity, and positive and negative predictive values for malignancy stratified by tumor size and histopathology (benign vs malignant) are summarized in [Table 2](#pone.0234791.t002){ref-type="table"}. The overall sensitivity of NIR imaging for detection of all malignant tumors was 80% (16/20). The sensitivity of NIR imaging for detection of malignant tumors \> 2 cm was 93.3% (14/15). Specificity of fluorescence for malignancy was 55% for tumors \< 2cm and 30% for tumors \>2cm. Tumors \> 2 cm were more likely to be fluorescent (OR 6.05, 95% CI 1.50--24.44, P = 0.011) but not more likely to be malignant (OR 3.09, 95% CI 0.86--11.14, P = 0.085) than tumors ≤ 2 cm.

10.1371/journal.pone.0234791.t002

###### Tumor fluorescence and fluorescence sensitivity, specificity, and positive and negative predictive values for malignancy stratified by tumor size and histopathology (benign vs malignant).

![](pone.0234791.t002){#pone.0234791.t002g}

  Tumor Size        Malignant N (SBR Range)                        Benign N (SBR Range)   Sensitivity   Specificity   PPV    NPV
  ----------------- ---------------------------------------------- ---------------------- ------------- ------------- ------ ------
  **0--2 cm**                                                                             40%           54.5%         0.29   0.67
  Fluorescent       2 (1.6)                                        5 (1.1--1.4)                                              
  Non-Fluorescent   3 (0.9--1.0)                                   6 (0.9--1.1)                                              
  **2.1--5 cm**                                                                           90.9%         30.0%         0.59   0.3
  Fluorescent       10 (1.4--2.1)                                  7 (1.2--1.8)                                              
  Non-Fluorescent   1[\*](#t002fn001){ref-type="table-fn"} (1.0)   3 (0.8--1.1)                                              
  **\>5 cm**                                                                              100.0%        N/A           1.0    N/A
  Fluorescent       4 (1.3--1.7)                                   0                                                         
  Non-Fluorescent   0                                              0                                                         

\* One tumor malignant tumor that did not fluoresce was surrounded by a dense fibrous capsule

N = number; SBR = signal to background ratio

PPV = Positive predictive value

NPV = Negative predictive value

Intraoperative near-infrared imaging of the wound bed identifies additional disease but also inflammation and normal tissue {#sec015}
---------------------------------------------------------------------------------------------------------------------------

Five cases (4 dogs) had visible fluorescence in the wound bed following tumor resection. One of these fluorescent areas represented an additional focus of mammary carcinoma. In this dog, the primary tumor, which was surrounded by a dense layer of connective tissue ([Fig 2A](#pone.0234791.g002){ref-type="fig"}), was not fluorescent. The primary tumor was resected via lumpectomy. The tumor was not sectioned to assess fluorescence within the tumor parenchyma proper. After the surgeons felt they had performed a complete resection, the wound bed was examined, and an additional area of fluorescence (SBR 2.2) was seen ([Fig 2B](#pone.0234791.g002){ref-type="fig"}). This area was biopsied, and final pathology revealed mammary carcinoma in both the initial lumpectomy and residual fluorescence specimens. The four remaining cases had no residual neoplastic disease in the wound bed in spite of wound bed fluorescence ([Table 3](#pone.0234791.t003){ref-type="table"}).

![Intraoperative images from case 15.\
A) The lumpectomy specimen is being elevated from the operative field. The primary tumor was surrounded by dense connective tissue and was not fluorescent. B) Fluorescence was seen in the wound bed following resection of the primary tumor. Biopsy of this area demonstrated mammary carcinoma.](pone.0234791.g002){#pone.0234791.g002}

10.1371/journal.pone.0234791.t003

###### Results of NIR imaging and histopathology in subjects with residual wound bed fluorescence.

![](pone.0234791.t003){#pone.0234791.t003g}

  Case Number   Maximum SBR of Primary Tumors   Final Pathologies of Primary Tumors      SBR of Residual Fluorescence   Final Pathology of Additional Biopsy
  ------------- ------------------------------- ---------------------------------------- ------------------------------ --------------------------------------
  **1**         1.2                             Adenoma Complex adenoma Ductal adenoma   1.3                            Normal muscle
  **3a**        1.5                             Mammary carcinoma                        1.6                            Lobular hyperplasia
  **3b**        1.8                             Mammary carcinoma                        1.5                            Suture granuloma
  **10**        1.6                             Complex adenoma                          1.5                            Normal linea
  **15**        1.0                             Mammary carcinoma                        2.2                            Mammary carcinoma

Abbreviations: SBR: signal-to-background ratio

Intraoperative near-infrared imaging using systemic icg identifies lymph nodes but does not discriminate benign from malignant nodes {#sec016}
------------------------------------------------------------------------------------------------------------------------------------

Lymph nodes were visualized in the resected specimen in 7 dogs. Two of these dogs had benign tumors and 5 had malignant tumors. Lymph nodes were surrounded by mammary tissue and fat and not immediately fluorescent in the resected specimen. Lymph nodes were all visible with white light once the surrounding tissue was dissected; four out of seven were fluorescent on NIR imaging (median SBR = 1.6, range 1.3--1.7). All fluorescent lymph nodes were associated with fluorescent tumors. Two out of four fluorescent lymph nodes were positive for malignancy while the other two fluorescent lymph nodes showed drainage reaction on histopathology. In case 3a, both the tumor ([Fig 3A and 3B](#pone.0234791.g003){ref-type="fig"}) and malignant lymph node ([Fig 3C](#pone.0234791.g003){ref-type="fig"}) were fluorescent. Pathology demonstrated drainage reaction in the three non-fluorescent lymph nodes. These results are summarized in [Table 4](#pone.0234791.t004){ref-type="table"}.

![Intraoperative images from case 3b.\
A) Tumor fluorescence could be seen through the skin prior to any dissection (circle). B) 2 cm mammary carcinoma on the back table following resection. C) Fluorescent lymph node with metastatic disease (circle). The background fluorescence was associated with suture granulomas and inflammation associated with the previous surgery.](pone.0234791.g003){#pone.0234791.g003}

10.1371/journal.pone.0234791.t004

###### Summary of tumor and lymph node fluorescence for specimens with inguinal lymph nodes identified.

![](pone.0234791.t004){#pone.0234791.t004g}

  Case     Mammary Glands Involved   Tumor Size (cm)   Maximum Tumor SBR   Tumor Pathology                        LN SBR   Final Histopathology
  -------- ------------------------- ----------------- ------------------- -------------------------------------- -------- --------------------------------------------------------
  **3b**   L5, R5                    3, 4              1.8                 Mammary carcinoma                      1.6      Mammary carcinoma
  **4**    R2, R3, R4, R5, L3        0.2, 4, 5, 4, 3   1.5                 Adenoma (R2), Ductal carcinoma (R4)    1.3      Drainage reaction[\*](#t004fn002){ref-type="table-fn"}
  **7**    L3, L4                    0.5, 1            1.4                 Complex adenoma                        1: NF    Drainage reaction[\*](#t004fn002){ref-type="table-fn"}
  **12**   L3                        3                 1.6                 Mammary carcinoma                      1.7      Drainage reaction[\*](#t004fn002){ref-type="table-fn"}
  **13**   L2, L4                    0.5, 2            1.2                 Lobular hyperplasia, complex adenoma   1: NF    Drainage reaction[\*](#t004fn002){ref-type="table-fn"}
  **15**   R5                        4                 1.0                 Mammary carcinoma                      1.6      Mammary carcinoma
  **16**   R3, R5                    3, 8              1.7                 Mammary carcinoma                      1: NF    Drainage reaction[\*](#t004fn002){ref-type="table-fn"}

Abbreviations: SBR signal-to-background ratio, LN lymph node, L left, R right, NF non-fluorescent

\* "Drainage reaction": Mild lymphoid hyperplasia with increased numbers of histiocytes, plasma cells, and erythrocytes in the subcapsular trabeculae and medullary sinuses.

Discussion {#sec017}
==========

The goal of intraoperative imaging during BCS is to ensure complete, tumor-negative surgical margins to minimize the risk of local recurrence. In this cohort of dogs, fluorescence was not seen at the resection margins in any case and there were no corresponding tumor-positive margins on histopathology. The gross margins removed in these dogs were likely larger than those taken in BCS as this is standard of care in canines, making fluorescent and tumor-positive margins less likely. Although canine mammary tumors have many clinical and molecular similarities to human breast cancer \[[@pone.0234791.ref027]--[@pone.0234791.ref031]\], the standard of care resection for canine mammary tumors clearly limits the utility of these dogs as a model for margin assessment in human breast conserving surgery. In a previous study, ICG tumor fluorescence extended 3 mm beyond the actual tumor in canine sarcomas \[[@pone.0234791.ref026]\]. Should the same occur using ICG in human breast cancer, intraoperative imaging with ICG would result in some overestimation of the extent of disease and may increase the margin of normal breast tissue removed when performing tumor resection.

Not all tumors fluoresced, particularly those \<2 cm diameter. This represents another possible limitation of this approach, as tumors resected in breast conserving surgery in human patients are often 2 cm diameter or less \[[@pone.0234791.ref035]\]. The lack of fluorescence in smaller benign tumors may have occurred because of a lack of tumor neovasculature required for ICG accumulation via the EPR effect. In more aggressive tumors, angiogenesis produces a vasculature with a defective endothelial cell lining, allowing ICG to leak into the tumor preferentially \[[@pone.0234791.ref036],[@pone.0234791.ref037]\] and accumulate due to properties including size, shape, charge, polarity \[[@pone.0234791.ref038]\] and a lack of normal tumor lymphatic drainage. ICG acts a as a macromolecule in this instance due to albumin binding in the circulation \[[@pone.0234791.ref039]\]. Decreased tumor microvessel density has been associated with decreased expression of hypoxia-inducible factor in more benign human breast cancers \[[@pone.0234791.ref040]\]. The lack of fluorescence in some smaller malignant lesions is more problematic. Several of these tumors did not accumulate enough ICG to fluoresce during surgery. ICG needs to be present in concentrations above micromolar for interoperative detection \[[@pone.0234791.ref041]\].

Although this study was not focused on using intraoperative imaging to differentiate malignant from benign disease, NIR imaging had a 93% sensitivity for the detection of malignant canine mammary tumors \> 2 cm diameter. The one larger tumor that did not fluoresce was surrounded by a dense layer of desmoplastic tissue. It is possible this dense connective tissue prevented passage of the excitation and emission NIR light wavelengths required for fluorescence imaging. However, the specificity of NIR imaging for malignancy was low and decreased with increasing tumor size (Specificity \< 2cm = 55%; specificity \> 2cm = 30%). Fluorescence rates of benign mammary tumors increased with size ([Table 2](#pone.0234791.t002){ref-type="table"}). This is not surprising considering the mechanism of ICG accumulation. Although malignant canine mammary tumors show significantly greater angiogenesis than benign tumors \[[@pone.0234791.ref042]\], both malignant and benign mammary tumors have increased intra- and peritumoral blood vessel density and endothelial cell proliferation compared to normal mammary tissue \[[@pone.0234791.ref043]\].

Residual wound bed fluorescence was seen in 5/41 lumpectomies or mastectomies but only corresponded to invasive cancer in one case. In two cases, the false positive wound bed fluorescence was associated with suture granuloma and mammary lobular hyperplasia, respectively. Accumulation of ICG in areas of inflammation is a known limitation of this imaging agent and both these conditions were associated with some degree of inflammation and possibly increased capillary permeability \[[@pone.0234791.ref025]\]. The residual fluorescence corresponding to normal muscle and linea alba may be due to ICG leakage from the tumor interstitium during specimen manipulation. Analogous results have been seen in a trial of ICG imaging in human breast cancer where specimen manipulation resulted in the expression of fluorescent fluid \[[@pone.0234791.ref044]\].

The current gold standard for sentinel lymph node mapping in human breast cancer is peritumoral injection of a radiotracer preoperatively and a blue dye perioperatively, then intraoperative lymphoscintigraphy and visualization of the colored lymphatics and lymph nodes \[[@pone.0234791.ref022],[@pone.0234791.ref045]\]. However, NIR fluorescence imaging using ICG for sentinel lymph node mapping in breast cancer has been shown to be technically feasible \[[@pone.0234791.ref046]\] and has produced results similar to or better than current techniques \[[@pone.0234791.ref023],[@pone.0234791.ref047]\]. All of these studies have used periareolar or peritumoral injections of ICG. One study describes the use of systemically administered ICG to evaluate human breast cancer margins, but lymph node imaging was not reported \[[@pone.0234791.ref044]\]. In this study we used systemically administered ICG to identify the primary tumor and visualize tumor margins. In addition, 4/7 lymph nodes in resected specimens fluoresced with systemically administered ICG and NIR imaging. Two of these fluorescent lymph nodes contained tumor metastases. The two remaining fluorescent nodes were tumor negative but draining malignant tumors. This limited data suggests that systemically administered NIR imaging agents could be used to identify sentinel lymph nodes and nodes containing metastatic disease. However, ICG lacks specificity to discriminate between node fluorescence due to metastatic disease and fluorophore drainage from the primary tumor. Molecularly targeted NIR fluorophores may be more appropriate for this objective.

There are several limitations to our study. Firstly, a large margin of grossly normal mammary tissue was taken around the tumor in these cases as this is the standard of veterinary care for this disease. This does not recapitulate BCS in patients where, in addition to clean surgical margins, goals include preservation of as much normal tissue as possible for the best cosmetic result. We had no tumor-positive margins in this study, and the amount of tissue resected may have also influenced the observed rate of residual wound bed fluorescence. Secondly, lymph nodes are not normally removed in canine lumpectomies (regional mastectomies) unless they are palpably enlarged or incorporated into a mastectomy involving one or both caudal mammary glands.

Despite these limitations, our results support the feasibility of using spontaneous canine mammary tumors as a model to evaluate new intraoperative NIR imaging agents and systems. Although ICG is an FDA approved compound and is broadly applicable across a range of solid tumors, it has a relatively low quantum yield and this study shows that it has poor specificity for malignant breast neoplasia. A breast cancer targeted imaging agent could potentially decrease non-specific dye accumulation, improve quantum yield, and allow for more reliable detection of small tumors and lymph node metastases. We have previously demonstrated that OTL 038, a folate receptor-targeted NIR agent, can identify spontaneously occurring lung cancers and lymph node metastases \[[@pone.0234791.ref048]\]. The folate alpha receptor is upregulated in some breast cancers, particularly triple negative breast cancer, which suggests OTL 038 may be an excellent targeted agent for imaging this human breast cancer subtype \[[@pone.0234791.ref049]\].

In conclusion, this study demonstrates that intraoperative imaging can identify canine mammary tumors, a spontaneous, large animal model of human breast cancer. Systemic administration of NIR contrast can identify both the tumor and sentinel lymph node, although improvements in specificity are required before human clinical application. This model could be used to study new targeted intraoperative NIR imaging agents that could improve detection of smaller tumors and metastatic lymph nodes.
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